. How much do PCB toxic equivalents account for PHAH toxicity in predatory birds?
Introduction

53
Polyhalogenated aromatic hydrocarbons (PHAHs) include polychlorinated dibenzo-p-dioxins 54 (PCDDs) and furans (PCDFs), polychlorinated biphenyls (PCBs), polychlorinated terphenyls and 55 naphthalenes (PCNs) and polycyclic aromatic hydrocarbons (PAHs). They are ubiquitous, persistent, 56 lipophilic and bioaccumulative compounds, characteristics that enhance the risk of exposure in a 57 diverse array of apex predators. Many PHAHs induce effects that are mediated through a common 58 mode of action. This involves the binding of the parent compound or their metabolites to the aryl 59 hydrocarbon receptor (AhR) in the cytoplasm and results in a rise or fall of the transcription of specific 60 genes via dioxin-responsive elements in the DNA (Safe, 1990; Denison and HeathPagliuso, 1998) . The 61 consequences can be adverse effects such as reproductive impairment (disruption of hormone status, 62 embryotoxicity, teratogenicity), hepatotoxicity, immunotoxicity and neurotoxicity (Denison and 63
PCB analysis 125
The suite of the 12 dioxin-like PCB congeners (77, 81, 105, 114, 118, 123, 126, 156, 157, 167, 169, 126 189) was analysed using gas chromatography with electron capture detection (GC-ECD). Prior to the 127 GC analysis, dichlobenil was added as an internal standard. A 4 µl aliquot of each extract was injected 128 into the gas chromtograph (Agilent, Wokingham, UK) using a splitless injector, and a 50m HT8 column 129 (0.22mm internal diameter and 0.25µm film thickness, SGE Milton Keynes, UK). The injector 130 temperature was set at 250°C and the carrier gas was helium (2.0 ml min -1 ). The temperature 131 programme was: isothermal at 50°C for 2 min, 45°C min -1 to 200°C, 1.5°C min -1 to 240°C, 2°C min -1 to 132 285°C, 50°C min -1 to 325°C and isothermal at 325°C for 10 min. The detector temperature was set at 133 335°C. Residues were quantified using the internal standard method and also using calibration curves 134 with standards of the 12 PCBs (Greyhound Ltd, Birkenhead, UK) . 135
For quality control and assurance purposes, a blank, a sample of an uncontaminated chicken 136 egg (or liver) and second sample of chicken egg (or liver) were spiked with a known concentration of 137 PCB congeners with each batch of egg or liver samples, respectively. Recovery values determined 138 from the spiked samples varied between 75% and 110%. Limits of detection (LoD), determined from 139 the calibration curve and based on the mean weight of the sample contents that were analysed, 140 varied between 0.776 and 4.203 ng g _1 lipid.
6 142
Calux assay 143
The cleaned-up extract was evaporated to dryness and transported to the Wageningen University for 144 analysis by the CALUX assay. The dried extracts were re-dissolved in 100 µl of 1:1 acetone:hexane and 145 mixed for one minute, after which 15 or 20 µl aliquots of DMSO were added to each egg or liver 146 extract, respectively. The acetone:hexane was then evaporated. DR CALUX ® gene assay was 147 performed as described elsewhere (Murk et al., 1998) . In short, in-vitro cultivated rat hepatoma cells 148 (H4IIE-luc), transfected with a stable plasmid which carries luciferase gene of fireflies (Photinus 149 pyralis) as a reporter gene, were seeded on a 96-well Packard ViewPlates in medium supplemented 150 with hormone-stripped serum. The next day, the medium was replaced with medium containing the 151 egg or liver extracts (0.1% DMSO). After 24 hours exposure, the medium was removed and the cells 152
were lysed. The substrate luciferin was then added to the wells to quantify the amount of luciferase 153 produced by the cells by measuring the amount of light. Bio-luminescence was measured using a 154 luminometer, Luminoskan RS (Thermo Life Science), equipped with two internal injectors to inject the 155 luciferine containing FlashMix, and the NaOH for signal quenching. All samples were corrected for the 156 solvent DMSO signal. The measured luminescence was converted into a CALUX toxic equivalent 157 (CALUX-TEQ) value by the direct comparison of the response for a given samples to a dose -response 158 obtained with 2,3,7,8-tetrachlorodibenzo-p-dioxin (see Supporting Information). One single global 159 biological response is thus measured by CALUX ® for all AhR ligands present in the extract. The limit of 160 detection for the assay was 0.30 pM TEQ and all samples exceeded this. 161 162
Data analysis 163
Individual coplanar PCB congener TEQs were calculated as the product of their designated Toxic 164
Equivalence Factor (TEF) (Van den Berg et al., 2006) and their concentration; non-detected 165 concentrations of individual congeners were assigned a zero value. ΣPCB-TEQ concentrations were 166 calculated as the sum of the TEQs for the individual congeners. ΣPCB-TEQ concentrations and CALUX-167 TEQ concentrations are expressed in pg ΣPCB-TEQ g -1 lipid. Concentrations in eggs were not adjusted 168 for desiccation as the purpose of this study was to compare ΣPCB-TEQs and CALUX-TEQs, not focus on 169 reporting absolute concentrations, and any desiccation would have affected each measurement 170
equally. 171
Summary data for ΣPCB-TEQs and CALUX-TEQs concentrations are presented as medians and 172 inter-quartile ranges, and differences between ΣPCB-TEQs and CALUX-TEQs concentrations for each 173 species were assessed by Mann-Whitney U tests. The relationships between the ΣPCB-and CALUX-174
TEQs concentrations in samples were determined using linear regressions on log-transformed data; 175 the residuals of the analyses were all normally distributed. 176
Between five and eight of the 12 PCB congeners that we analysed for were detected in the 179 livers and eggs of each species. Congeners 118, 105, 156 and 167 were found in all six species ( Figure  180 1) and were generally the congeners detected most frequently in all samples independently of the 181 species; PCB 118 was detected in more than 80% of the samples analysed. In contrast, PCB congeners 182 81, 126 and 169 were never detected. All of the congeners that were detected in livers were also 183 found in eggs except congener 77 which was only found in some sparrowhawk livers (Figure 1) . 184
In terms of concentrations, ΣPCB-TEQs ranged between non-detected (ND) and 248 pg g -1 lipid 185 in eggs and between ND and 2102 pg g -1 lipid in livers, equivalent to wet weight (ww) concentrations 186 of ND-11.5 pg g -1 and ND-130.6 pg g -1 , respectively. The corresponding ranges of the measured 187 CALUX-TEQs in eggs and livers were 7-241 pg g -1 lipid and 10-467 pg g -1 lipid respectively, equivalent 188 to 0.32-12 pg g -1 ww and 0.6-29 pg g -1 ww. There was no significant difference between the median 189 ΣPCB-TEQ and CALUX TEQ ( eggs, partly as a result of the relatively high number of livers (mainly sparrowhawk and kestrel) with 222 detectable CALUX-TEQ concentrations but no detectable ΣPCB-TEQs. These livers comprised 69% and 223 56% of the sparrowhawk and kestrel samples respectively although only 12% of the heron sample 224 (Figure 4 ). When the liver data for all three species were pooled and were analysed by ANCOVA, 225 there was a significant relationship between the two TEQ measurements (r 2 = 0.294, F (1,43) = 10.6, 226 P=0.002) and species was a significant factor (F (2,43) = 3.79, P=0.13; Figure 4 ). As with the eggs, the 227 gradient of the relationship was significantly less than one (upper 95% confidence limit: 0.256) and 
Discussion
236
The results from our study, in terms of the congener prevalence and TEQ concentrations, are 237 similar to those reported in other species elsewhere. Generally, non dioxin-like PCB congeners, 238 principally 153, 138 and 180 predominate in birds from a range of habits and trophic status (Alcock et 239 al., 2002; Borlakoglu et al., 1990; Caccamise et al., 2012; Jemenez et al., 2007; Norstrom, 1988; 240 Pereira et al., 2009a) (Elliott et al., 1996) , 247 in various piscivorous bird species (Bosveld et al., 1995; Kubiak et al., 1989; Yamashita et al., 1993) 
1993). 263
It would not be expected that ΣPCB-TEQ and CALUX-TEQ concentrations would exactly 264 correspond, even in the same sample, and this was the case in the present study in which median 265 CALUX-TEQ concentrations were significantly greater than ΣPCB-TEQs in peregrine falcon eggs and in 266 kestrel and sparrowhawk livers (Figure 2) . PHAHs other than PCBs may contribute to the CALUX-TEQ. 267
However, there can also be differences in the relative potency of congeners to the species used to 268 generate the cells lines in the CALUX assay and the avian TEFs assigned to PCB congeners (Windal et 269 al., 2005a) which adds some uncertainty to direct comparisons of the two measures. Examination of 270 how variation in ΣPCB-TEQ concentrations affected CALUX-TEQ concentrations (Figures 3 and 4) was 271 arguably more informative than simple comparisons of mean values. When data for eggs, were 272 pooled, we found a strong and significant relationship between PCB-and CALUX-TEQs, as has been 273 reported in blood plasma for both individual congener and summed TEQs (Murk et al., 1997 (Murk et al., , 1998 , 274
but there was not a 1:1 correspondence between ΣPCB-TEQ and CALUX-TEQ concentrations. When 275 egg ΣPCB-TEQ concentrations were relatively low (taken as <65 pg g -1 lipid) the median contribution of 276
ΣPCB-TEQs to the CALUX-TEQ concentration was only 10% (inter-quartile range: 5-29%). This could 277
have been because other PHAHs may have been present in the eggs and exerted AhR mediated 278 toxicity. It is also possible that dioxin-like PCBs were present below the analytical limit of detection 279 and additively contributed to the detected CALUX-TEQs. The most potent congeners exert a relatively 280 large influence on the ΣPCB-TEQ concentration because of their high TEFs and so uncertainties and 281 errors in calculation of ΣPCB-TEQs are likely to be relatively large in samples with low concentrations 282 of the more potent PCBs. In contrast to eggs with relatively low levels of PCB contamination, CALUX-283
TEQs in the more contaminated eggs were almost completely attributable to dioxin-like PCBs. In fact, 284 ΣPCB-TEQs exceeded CALUX-TEQs in eggs with CALUX-TEQs >100 pg g -1 lipid. CALUX-TEQs can be 285 influenced by antagonistic, additive and synergetic interactions (Schroijen et al., 2004) and one 286 possibility is that antagonism between different PHAHs may have reduced the measured CALUX 287 response but would not have been accounted for in the additive model used to calculate ΣPCB-TEQs 288 (Sanderson et al., 1996) . However, it would be necessary to measure all PHAHs in the samples to 289 determine whether such interactions may have occurred. and reduction in plasma thyroxin levels, has been described for common tern (Sterna hirundo) chicks 317 (Bosveld et al., 2000) . These concentrations are between one and two orders of magnitude higher 318 than the concentration above which coplanar PCBs became the major contributors to CALUX-TEQs in 319 our samples. Our data therefore suggest that, of the compounds that are assimilated and retained 320 within tissues or eggs in predatory birds and that mediate toxicity through the AhR, it is the dioxin-321 like PCBs that appear to be associated with TEQ concentrations that approach toxicologically 322 significant levels. Other studies have likewise attributed CALUX activity in birds largely to dioxin-like 323
PCBs (Jemenez et al., 2007) . However, we recognise that exposure to more readily metabolised 324 compounds from diffuse sources, such as PAHs, may also result in toxicity mediated through the the 325 AhR. These compounds may largely have gone undetected in the present study because residues are 326 poorly assimilated in liver and eggs (Malcolm and Shore 2003, Pereira et al., 2009b) , and so would not 327 have been present in the tissue and egg extracts that we analysed. Furthermore, it is also possible 328 that contamination from point sources by PHAHs may result in effects in birds that are spatially 329 localised and so are difficult to detect without targeting sampling for analysis. However, where such 330 localised impacts have been found and linked to PHAHs in Britain (Thompson et al., 2006) , dioxin-like 331
PCBs were still found to account for most (77-92%) of the ∑TEQ concentrations. 332
In conclusion, our results are consistent with the premise that, in predatory birds sampled at a 333 broad spatial scale across Britain, low level TEQ concentrations in eggs and livers may largely arise 334 from exposure to non-PCB PHAHs and/or trace levels of dioxin-like PCBs that are present below 335 analytical detection limits. However, dioxin-like PCB congeners appear to be the major contributors Elliott, J.E., Norstrom, R.J., Lorenzen, A., Hart, L.E., Philibert, H., Kennedy, S.W., Stegeman, J.J., 617  618  619  620  621  622  623  624  625  626  627  628  629  630  631  632  633  634  635  636  637  638  639  640  641  642  643  644  645  646  647  648  649  650  651 652 653 Figure S1 . Dose response curve used in CALUX assay to estimate TCDD equivalents in samples
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